Gaseous and particulate F that is emitted by fertilizer and smelter plants are assumed to play an important role in forest decline and soil sterility (Klumpp et al., 1996a (Klumpp et al., , 1996b . It was possible to trace the fluorine pollution of soil and soil solution for more than 30 km from one of the pollution sources (Arnesen et al., 1995) . Even in regions not influenced by fluorine or F emission, F burden of soils may result from their natural content (geological origin), or from the admixture with harvest and groundwater (water leakage), as well as from the F input via continuous fertilization of soils, which can increase F contents to levels that much exceed its natural abundance in agricultural soils (e.g. Sikora et al., 1992a Sikora et al., , 1992b Stevens et al., 1997) . Once in the soil, this very reactive halogen complexes tightly with Al over a wide range of pH values, forming fluoroaluminate complexes (AlF x , where x ϭ 1-6; Lindsay, 1979; Elrashidi and Lindsay, 1986; Elrashidi et al., 1998; Arnesen, 1998) . Actually, it has been shown that Al 3ϩ binds F more strongly than 60 other metal ions (Martin, 1996) .
Al phytotoxicity is one of the major factors limiting the productivity of crops on acid soils (Foy et al., 1978) . The identity of rhyzotoxic species of Al is controversial (Kinraide, 1991 (Kinraide, , 1997 . For a long time, the main rhyzotoxic species of Al were thought to be Al 3ϩ , Al(OH) 2ϩ , and Al(OH) 2 ϩ (Wright et al., 1987) . Afterward, the status of Al-OH was altered because its toxicity was supposed to be only a consequence of relief of Al 3ϩ toxicity by H ϩ (Kinraide et al., 1992; Kinraide, 1997) . Thus, the trivalent cation was considered to be the main mononuclear toxic species, in addition to the very toxic polynuclear Al 13 tridecamer species (Parker et al., 1989; Kochian, 1995) . On the other hand, high concentrations of F can occur in acid soils as a consequence of precipitation of atmospheric pollutants (Supharungsun and Wainwright, 1982) . Early reports have established that complexation of Al with F could alleviate the toxic effects of Al, suggesting that AlF x either were not phytotoxic or were less toxic than Al 3ϩ (Cameron et al., 1986; MacLean et al., 1992) . Nevertheless, uptake of Al and F into whole tissues from AlF x -containing solutions has been reported (Takmaz-Nisancioglu and Davison, 1988; Nagata et al., 1993; Rai et al., 1998) . Moreover, when F was added to uncontaminated soils, most of the F and Al in soil solution were in the form of AlF x complexes (Arnesen, 1997 (Arnesen, , 1998 , and Al concentration in plants was positively correlated with F concentra-1 This work was supported by the Conselho Nacional de Desenvolvimento Científìco e Tecnoló gico (grant no. 465918/00 -0), by the Fundação de Amparo à Pesquisa do Estado de Rio de Janeiro (grant no. E-26/172.333/00), and by the Fundação Estadual do Norte Fluminense. Part of this work was presented in the 11th Workshop on Plant Membrane Biology (Cambridge, 1998) and in the Gordon Research Conference on Water and Salt Stress in Plants (Oxford, 1998 tion, suggesting a putative AlF x uptake (Arnesen, 1997; Elrashidi et al., 1998) . Later experimentation has confirmed that at least some AlF x species (e.g. AlF 2 ϩ and AlF 2ϩ ) are toxic to plants ( Kinraide, 1997; Stevens et al., 1997) .
Although significant progress has been made toward understanding the mechanisms of Al 3ϩ toxicity (e.g. Jones and Kochian, 1995; MacDiarmid and Gardner, 1998; Plieth et al., 1999; Sivaguru et al., 2000; Taylor et al., 2000; Pineros and Kochian, 2001) , relatively little attention has been directed toward the AlF x phytotoxicity mechanism. On the other hand, in enzymology, the properties of fluoroaluminates have been explored extensively during the last two decades. AlF x (namely AlF 3 0 and AlF 4 Ϫ ) were characterized as potent inhibitors of several ATPases (Lunardi et al., 1988; Missiaen et al., 1988; Troullier et al., 1992) and they also have been widely used as activators of G proteins (Sternweis and Gilman, 1982; Bigay et al., 1987) . Both effects were related to the ability of these fluorometallic complexes to act as analogs of inorganic phosphate (Pi), binding with high affinity, but reversibly, either directly in phosphate-binding sites of several proteins or in nucleotide-binding sites of some enzymes by simulating the ␥-phosphate of GTP and ATP molecules (for review, see Chabre, 1990; Wittinghofer, 1997) . In a previous work, we established that AlF x can inhibit, in vitro, the plasma membrane H ϩ -ATPase of corn roots via a similar mechanism (Façanha and de Meis, 1995). However, because in vivo experimentation was not tried, the physiological significance of this finding remains to be seen.
In this work, we explore the mechanism of AlF x action in vivo. To address this issue, we have studied the plasma membrane H ϩ -ATPase activity as well as the phosphate uptake in roots of an Al-tolerant variety of maize (Zea mays L. var. dwarf hybrid), either pretreated or not with AlF x . The results suggest that AlF x treatment of seedlings does not directly affect the P-type plasma membrane H ϩ -ATPase, whereas it promotes a striking influence on phosphate uptake by roots of this maize variety. AlF x modification of Pi uptake kinetics is consistent with a competitive inhibition of phosphate transport. Our speciation analysis (using GEOCHEM-PC, http://envisci.ucr. edu/faculty/dparker/default.htm; Parker et al., 1995) highlights AlF 3 0 and AlF 4 Ϫ as the most probable species involved in this mechanism. Implications for F pollution and Al phytotoxicity are discussed.
RESULTS

Speciation Calculation
Speciation analysis using the GEOCHEM-PC program (Parker et al., 1995) showed that AlF 3 0 was the dominant Al species in our experiments (Table I) . This species and AlF 4 Ϫ are well known for their ability to mimic Pi (Chabre, 1990). It was estimated that in the presence of 1 mm NaF and 0.1 mm AlCl 3 , Al was complexed completely with about 30% of the F present, consistent with the predominance of AlF 3 species (Table I ). In addition, we calculated the ionic species present when a range of Pi concentrations was used that covered the composition of the Pi uptake media (0.2 mm CaSO 4 and 0.005-0.1 mm KH 2 PO 4 ). No complexation was found involving Al-P species, even in the presence of 0.1 mm Pi, yet 100% of Al was complexed with F and the AlF x speciation was very similar to that presented in Table  I (e.g. AlF 3 0.0715 mm even at 0.1 mm Pi). This is in agreement with predictions of Lindsay (1979) , where the distribution of different AlF x complexes depended mainly on the balance of Al and F concentrations and the pH of the medium. Although Al has a strong tendency to form complexes with Pi, Al has strongest affinity for F. Fluorine is the most electronegative element and the most chemically active of the nonmetallic elements. The association constants (log K a ) for AlF 3 and AlHPO 4 are 16.8 and 8.1, respectively (for K a of other complexes, see Façanha and de Meis, 1995 
Effects of Al and F on Root Elongation
Growth response of primary roots either treated or not with aluminum chloride, sodium fluoride, or a combination of both was studied in an Al-tolerant variety of maize. The treatment of seedlings with 0.1 mm AlCl 3 resulted in a small but consistent stimulation of root growth (Fig. 1) . In contrast, root growth was markedly inhibited in seedlings treated with 1 mm NaF and the inhibition was intensified by the presence of both Al and F, suggesting that AlF x species may be more toxic than F itself (triangles in Fig.  1A ). Alternatively, it is possible that the growth inhibition obtained with 1 mm NaF plus 0.1 mm AlCl 3 may represent an additive effect of AlF x species along with that promoted by the excess of F present in the medium as a free ligand (predicted activity 0.45 mm). In agreement with this hypothesis, when a higher Pi concentration (0.1 mm Pi) was used in a nutrient medium containing AlF x , the root growth inhibition was reduced to a level close to that promoted by F alone (dashed curve in Fig. 1A) . To assess the threshold of Al rhyzotoxicity in this Al-tolerant variety of maize, seedlings were treated with a range of AlCl 3 concentrations (0-1 mm), revealing that root growth is inhibited as AlCl 3 concentrations are raised to values exceeding 0.3 mm (Fig. 1B) .
Effects of Al and F on Phosphate Uptake
Addition of 0.1 mm AlCl 3 plus 1 mm NaF to the uptake medium containing 10 m Pi promoted a clear inhibition of uptake by root segments and this effect was antagonized by increasing the concentration of phosphate ( Fig. 2A) . The K m obtained in the presence of AlF x increased more than 10-fold, whereas the V max was not significantly different from the values obtained with control roots (Fig. 2B ). This result indicates that AlF x competitively inhibits phosphate uptake, suggesting a common binding site for both phosphate and fluoroaluminate species in a high-affinity phosphate transporter (taking into account the calculated K m Ϸ 5.3 M).
The time course of 32 Pi uptake by root segments in the presence of 0.1 mm KH 2 PO 4 from seedlings grown in the presence of AlF x also exhibited a clear inhibition of the initial rate of uptake (Fig. 3A) . However, this situation changed over the following minutes of incubation, as the rate of uptake increased and a significant stimulation in 32 Pi uptake was observed after 30 min (Fig. 3A) . This biphasic effect may reflect an AlF x N Pi exchange taking place at the phosphate absorption sites on the root surface: At first, the Pi-binding sites would be occupied by AlF x , and then, as AlF x began to be displaced from these sites in exchange for Pi from the medium, all Pibinding sites would gradually lose the competing analogous species. Supporting this hypothesis, an increase in the Pi concentration of the uptake medium to 1 mm led to a time course of 32 Pi uptake with an earlier stimulatory effect, consistent with a faster AlF x N Pi exchange ( Fig. 3B) . In addition, when AlF x -pretreated roots were rinsed with deferoxamine, a powerful Al-chelating agent, to displace the AlF x from root surface before the uptake assay, the inhibitory effect did not occur, and only a stimulation of 32 Pi uptake was detected, regardless of the time of 
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Plant Physiol. Vol. 129, 2002 reaction (Fig. 4) . The same effect was observed when using citrate, a natural chelator of Al, suggesting that both chelators were able to induce displacement of AlF x from its binding sites (triangles in Fig. 4) . AlF xinduced stimulation of the 32 Pi uptake can be compared with the stimulation exhibited by Pi-starved roots (Fig. 5) , which has been shown to involve an overexpression of the phosphate transporters (Muchhal and Raghothama, 1999) . Note that no significant change in 32 Pi uptake was found in excised corn roots pretreated with only Al or F (dashed and dotted lines in Fig. 3A) .
Effects of Al and F on the Plasma Membrane H ؉ -ATPase Activity
Phosphorus is acquired by plant roots in an energy-mediated cotransport process driven by a proton gradient generated by the plasma membrane H ϩ -ATPase (Ullrich-Eberius et al., 1981) . Therefore, it is possible that the previously described AlF xinduced inhibition (in vitro) of plasma membrane H ϩ -ATPase (Façanha and de Meis, 1995) may account for the inhibition of the 32 Pi uptake assay. To test this possibility, plasma membranes were isolated from corn roots that had been grown for 72 h with Al, F, or both (AlF x ), and the effects of this treatment were examined using the isolated P-type H ϩ -ATPase. No effect was observed in either ATPase activity or H ϩ transport in plasma membrane vesicles isolated from corn roots treated with either F alone or AlF x compared with control (Table II) . Surprisingly, pretreatment of seedlings with 0.1 mm AlCl 3 promoted a stimulation of the ATP hydrolysis rate as well as of the initial velocity of ATP-dependent proton gradient formation (Table II) . Some inhibition was found only when seedlings were grown in concentrations above 0.3 mm AlCl 3 (Fig. 6) .
The addition of AlF x directly into the reaction medium has confirmed that these complexes nevertheless are able to inhibit the plasma membrane H ϩ -ATPase activity in vitro (Table III) . This suggests that if a phosphate-like AlF x species could gain access to the cytoplasm this enzyme certainly would be an important target. In agreement with the hypothesis that AlF x mimics phosphate at the Pi-binding sites, the inhibition of ATPase activity was also alleviated by raising the Pi concentration of the medium (Table  III) . The apparent Pi affinity in this effect, however, appears to be much lower than was found for Pi uptake activity by root segments (compare Fig. 2 with Table III) .
DISCUSSION
The Proposed Model
Contrary to prior expectations, Al-F complexes have been shown to be toxic to plants ( Kinraide, 1997; Stevens et al., 1997 ; Fig. 1) . Although several hypotheses for the mechanism of Al-F toxicity have been considered, so far all of them have been rejected (Kinraide, 1997). The present study focuses on the description of an alternative mechanism for the toxicity of AlF x through a well-known phosphatemimicking property attributed to these complexes. Phosphorus is acquired by plant roots primarily via high-affinity Pi transporters (for recent review, see Raghothama, 2000) . Several pieces of evidence support a model where AlF x complexes can mimic the tetrahedral phosphate group competing with it for the same binding sites on the Pi carriers and possibly stabilizing an inactive conformation. First, AlF xinduced inhibition of Pi uptake was antagonized by raising the Pi concentration in the reaction medium (Fig. 2) . Second, the stimulation of Pi uptake in corn roots after AlF x pretreatment is similar to that observed after Pi starvation (Fig. 5) . Third, in contrast Pi uptake by excised corn roots promoted by AlF x or Pi starvation. Four-day-old seedlings were transferred to a nutrient medium containing Pi and supplemented additionally with 0.1 mM AlCl 3 and 1 mM NaF (AlF x treatment), or to nutrient medium lacking KH 2 PO 4 (Pi starvation). Seedlings were removed at times indicated and excised root segments were assayed for 32 Pi uptake in the presence of 0.1 mM Pi. Stimulation of 32 Pi uptake was calculated as a percentage of uptake by roots grown in complete nutrient medium and tested in the presence of 0.1 mM Pi. Values represent the means Ϯ SE of three independent experiments. There is no significant difference between column pairs (Student's t test, P Յ 0.05). From 12 h onward, Pi uptake for each treatment is significantly different from the relevant control (100%, not shown; Student's t test, P Յ 0.05). 3) by excised corn roots pretreated or not with AlF x and washed with Al chelators. Four-day-old seedlings were exposed for 72 h to either a hydroponic medium alone (control, -F-), or containing an additional 0.1 mM AlCl 3 plus 1 mM NaF (AlF x , -‚-, -OE-). Afterward, root segments were incubated for 2 min (under strong agitation at 30°C) with either 0.5 mM deferoxamine (-F-, -OE-), or citrate (-‚-) before 32 Pi uptake assay. Values represent the means Ϯ SE of three independent experiments.
with in vitro assays of the ATPase activity (Façanha and de Meis, 1995; Table III) , pretreatment of corn seedlings in vivo with AlF x had no effect on the activity of the plasma membrane H ϩ -ATPase (Table  III) . This supports the model where the fluoroaluminates act as physiological Pi analogs by competing directly for the same binding sites of Pi transport rather than any indirect effect on the proton motive force of the process. Finally, our speciation calculations using GEOCHEM-PC (Parker et al., 1995) (Wittinghofer, 1997) . These evidences support the proposal that the property of AlF x to mimic Pi may describe the most important mechanism of AlF x toxicity whenever AlF 3 and AlF 4 are the dominant species. On the other hand, in view of the ubiquity of phosphate in cell metabolism, it is possible that the competitive inhibition of Pi transport can be only one of many mechanisms by which these Pi analogs can affect the plant growth. Theoretically, these species could interact with another Pi-binding sites present on plant cell surfaces including membrane receptors, channels, and apoplast enzymes.
Biochemical Significance
AlF x have been shown to bind with high affinity, but reversibly, in phosphate-binding sites of several proteins in plant, fungal, and mammalian cells. This observation has proven to be tremendously useful for studying the activation of heterotrimeric G proteins in vivo (Chabre, 1990; Wittinghofer, 1997) , for elucidation of three-dimensional structures of GTPases (e.g. Sondek et al., 1994) and ATPases (e.g. Braig et Figure 6 . Effects of Al on the H ϩ -ATPase activities. Plasma membrane vesicles were isolated from roots of seedlings grown in hydroponic medium alone (control), or treated for 72 h with 0.05 to 1 mM AlCl 3 . The initial rates of vanadate-sensitive ATP hydrolysis (-F-) and ATP-dependent H ϩ transport (-E-), obtained when growth medium did not contain Al, were assigned as 100%. Each point is the average of at least three independent experiments. One or two asterisks indicate significance at P Յ 0.05 and P Յ 0.01 (Student's t test), respectively. Steady state 25 Ϯ 6 (n ϭ 5) 34 Ϯ 8 (n ϭ 4) 22 Ϯ 9 (n ϭ 4) 25 Ϯ 5 (n ϭ 5) Initial velocity F min Ϫ1 120 Ϯ 16 (n ϭ 5) **235 Ϯ 30 (n ϭ 4) 125 Ϯ 27 (n ϭ 4) 127 Ϯ 22 (n ϭ 5) Hydrolysis
Initial velocity nmol mg , 2000) , and for understanding the biochemical mechanism of GTP and ATP hydrolysis, including the role of GTPase-activating proteins (e.g. Xu et al., 1997) . Our functional analysis of Pi uptake suggests that AlF x complexes may act as phosphate analogs, reversibly blocking the Pi-binding sites of phosphate transporters. As far as we know, this is the first description of fluoroaluminates acting as competitive inhibitors of phosphate transporters, and these compounds may prove to be useful in expanding our knowledge of the structure, regulation, and function of these carriers, which often share gene homology to each other, particularly among the plant (Raghothama, 2000) and fungi (Harrison and VanBuuren, 1995; Yompakdee et al., 1996) isoforms.
Physiological Consideration
In plant systems, AlF 3 0 and AlF 4 Ϫ complexes were already described to inhibit in vitro the plasma membrane H ϩ -ATPase from corn roots (Facanha and de Meis, 1995) and the cabbage (Brassica capitata) phospholipase D (Li and Fleming, 1999) , in both cases by simulating the Pi anion. However, although AlF 2 ϩ and AlF 2ϩ have been identified as toxic to the plants and probably gain access to the cytoplasm, several pieces of evidence have shown that AlF 3 0 and AlF 4 Ϫ complexes are not readily taken up by plant roots; thus, it was concluded that these species were not likely to be phytotoxic (Nagata et al., 1993; Kinraide, 1997; Stevens et al., 1997) . On the contrary, although our data from ATPase activity are consistent with the inaccessibility of these complexes to the cytoplasm (Table II) , the treatment of plants with AlF x containing Ͼ80% AlF 3 0 and AlF 4 Ϫ species (Table I) clearly promoted an inhibitory effect on both the root elongation (Fig. 1A ) and the 32 P uptake by corn roots (Figs. 2 and 3A) . Apparently, AlF x may exert its toxicity even externally to the cell membrane and at least part of this effect is due to a blockage of Pi transporters.
Recently, genes encoding phosphate transporters have been isolated from a number of plant species, and their transcripts were found to be highly inducible upon Pi starvation, resulting in enhanced Pi uptake when Pi was resupplied (Raghothama, 2000) . Our data suggest that AlF x treatment of plants may elicit a similar Pi starvation response because the corn roots increase their capacity for Pi uptake after exposure to fluoroaluminates for a period of more than 12 h (Fig. 5) . Likewise, the increase in Pi uptake rate by the AlF x -pretreated roots correlates well with the profile exhibited by Pi-starved roots ( Fig. 5 ; see also data from Clarkson and Scattergood, 1982; Goldstein et al., 1989) and is consistent with the time required for induction of phosphate transporter proteins in response to Pi starvation (Muchhal and Raghothama, 1999) .
The stimulation of root elongation ( Fig. 1) and the plasma membrane H ϩ -ATPase activity (Table II ; Fig.   6 ) in response to Al treatment of seedlings with concentrations below 0.3 mm appear at first glance to contradict common knowledge of Al rhyzotoxicity. Although regarded as a toxic element, Al frequently stimulates growth at concentrations lower than the threshold of Al phytotoxicity (e.g. Mullette, 1975; Clark, 1977; Foy et al., 1978; Kinraide, 1993; Malkanthi et al., 1995; Clune and Copeland, 1999) . There is substantial evidence that in most cases these beneficial effects occur through the alleviation of H ϩ toxicity by Al 3ϩ (Kinraide, 1993) . Kinraide (1988) showed that 0.1 mm Al 3ϩ (in wheat [Triticum aestivum] roots) increased cell membrane electrical polarity and stimulated H ϩ extrusion, which was shown to be essential for continued root growth at low pH (Yan et al., 1992) . Later, it was demonstrated that the plasmalemma H ϩ -ATPase contributes significantly to this process (Yan et al., 1998) . Nevertheless, an inhibition of ATPase activity was promoted by root treatment with AlCl 3 at concentrations Ͼ0.3 mm (Fig.  6 ), in consonance with data from Matsumoto et al. (1992) . In maize, it was proposed that an ATPasedependent increase of H ϩ extrusion could induce cell wall plasticity, in accordance with the acid growth theory (Hager et al., 1991; Frias et al., 1996) . Although limited information on the effects of Al treatment on H ϩ -ATPase activity using Al-tolerant species and cultivars makes it difficult to relate these changes to Al and low pH resistance, it seems to be clear that there is a fairly consistent relationship among Al effects on the H ϩ -ATPase and root elongation (compare Fig. 1B with Fig. 6 ).
Environmental Impact
Environmental problems have to be assessed holistically; otherwise, solving one problem may create a new one at a different level (Sibbesen and RungeMetzger, 1995) . For instance, early reports have established that complexation of Al with F could even alleviate the toxic effects of Al (Cameron et al., 1986; MacLean et al., 1992) , leading several agricultural groups all over the world to test the possibility of using NaF as an acid soil additive (Keerthisinghe et al., 1991) . This practice was not widespread, most likely due to the adverse effects caused by toxicity of F itself and/or of AlF x species. Nevertheless, such AlF x toxicity has not been easily detected in previous work because high Pi concentrations were used in nutrient and assay media (usually 0.1 mm Pi). Another problem in these studies was the frequent use of Al-sensitive species, where the harmful effects of Al 3ϩ can mask the inhibition promoted by AlF x . However, in the field, the Pi concentrations barely exceed 0.01 mm (Raghothama, 2000) and various hybrid varieties selected for Al 3ϩ resistance have been used by farmers. Our data suggest that under these conditions, if AlF 3 and AlF 4 species are present in the soil, they certainly would compete with Pi for absorption sites on the root surface.
In addition, sustainability of conventional agriculture is still based upon a high input of agrochemicals. Soil amendments such as phosphate fertilizers, which contain high concentrations of F as impurities (up to 3.5%), also may cause an inadvertent and hazardous increase of F in soils (e.g. Keerthisinghe et al., 1991; Sikora et al., 1992a Sikora et al., , 1992b . Our data, along with those previously described on chemical behavior of AlF x , strengthen the possibility that both the conspicuous presence of Al in the earth's crust and the environmental pollution by fluorine may interact leading to exacerbation of the problem of phosphorus availability in the soils. This unique mechanism for AlF x phytotoxicity warns us against the indiscriminate massive application of fertilizers and other F-containing soil amendments worldwide.
In summary, the present report places AlF 3 0 and AlF 4 Ϫ among Al-phytotoxic species and describes a mechanism of action where the accumulation of these Pi-mimicking AlF x in the soil may affect the phosphate absorption by plants. In addition, AlF x sensitivity of this maize Al-tolerant variety brings into question the validity of current protocols for crop selection based only on their Al ϩ3 tolerance. Further studies on the effects of F complexation on Al phytotoxicity would be suitable to guide successful breeding programs as well as development of transgenic lines adapted to Al stress and/or Pi deficiency.
MATERIALS AND METHODS
Plant Growth and AlF x Treatment
Seeds of an Al-tolerant variety of maize (Zea mays L. var. dwarf hybrid), provided by Sementes Agroceres S. A. (Uberlandia-MG, Brazil) , were surface sterilized by soaking in 0.5% (w/v) NaClO solution and then placed in water for 6 h after rinsing. Afterward, the seeds were sown on wet filter paper and germinated in the dark at Figure 1 , the hydroponic solution contained 13.7 mg L Ϫ1 KH 2 PO 4 (approximately 0.1 mm) instead of 4.4 mg L Ϫ1 (approximately 0.03 mm). The nutrient medium was supplemented with 0.1 mm AlCl 3 only, 1 mm NaF only, or a combination of both (AlF x treatment). The solution pH was monitored and adjusted when necessary during the growth to oscillate between pH 4.2 and 4.3. Root lengths were measured with a ruler at determined times, as shown in Figure 1 . After 96 h of treatment, roots were collected and used for further experiments.
Plasma Membrane-Enriched Vesicles
Plasma membrane vesicles were isolated from roots using differential centrifugation essentially as described by De Michelis and Spanswick (1986) , with some modifications. About 100 g (fresh weight) of corn roots was homogenized using a mortar and pestle in 2 mL g Ϫ1 of ice-cold buffer containing 250 mm Suc, 10% (w/v) glycerol, 0.5% (v/v) polyvinylpyrrolidone (polyvinylpyrrolidone-40, 40 kD), 2 mm EDTA, 0.5% (w/v) bovine serum albumin, and 0.1 m Tris-HCl buffer, pH 8.0. Just before use, 150 mm KI, 2 mm dithiothreitol (DTT), and 1 mm phenylmethylsulfonyl fluoride were added to the buffer. The homogenate was strained through four layers of cheesecloth and centrifuged at 8,000g for 10 min. The supernatant was recovered and centrifuged at 100,000g for 40 min. The pellet was resuspended in a small volume of ice-cold buffer containing 10 mm Tris-HCl, pH 7.6; 15% (v/v) glycerol; 1 mm DTT; 1 mm phenylmethylsulfonyl fluoride; and 1 mm EDTA. The suspension containing the root vesicles was layered over a 20%/30%/42% (w/w) discontinuous Suc gradient that contained, in addition to Suc, 10 mm Tris-HCl buffer, pH 7.6; 1 mm DTT; and 1 mm EDTA. After centrifugation at 100,000g for 3 h in a swinging bucket, the vesicles that sedimented at the interface between 30%/42% (w/v) Suc were collected, diluted with 50 mL of ice-cold buffer containing 10 mm Tris-HCl, pH 7.6; 10% (v/v) glycerol; 1 mm DTT; and 1 mm EDTA, and centrifuged at 100,000g for 40 min. The pellet was resuspended in the same medium and these plasma membrane vesicles were either used immediately or frozen under liquid N 2 and stored at Ϫ70°C until use. Protein concentrations were determined by the method of Lowry et al. (1951) .
ATPase Activity
ATPase activity was determined by measuring the release of Pi, either colorimetrically (Fiske and Subbarow, 1925) or using [␥- 32 P]ATP (0.34 MBq mol Ϫ1 ), as previously described by de Meis (1988). The reaction medium contained 50 mm HEPES-KOH (pH 6.5), 5 mm MgSO 4 , 100 mm KCl, and 1 mm ATP, with or without 0.1 mm Na 3 VO 4 . In some experiments the medium was supplemented with 0.1 mm AlCl 3 and/or 1 mm NaF as indicated in the  Table III . The reaction was started by addition of 0.03 mg L Ϫ1 vesicle protein and stopped with ice-cold 5% (w/v) trichloracetic acid after 30 min of incubation at 30°C. Before the hydrolysis assay, vesicles were always frozen and thawed twice. Plasma membrane vesicles were approximately 70% inside-out in freeze/thaw vesicles. In all experiments, the ATPase activity was measured with and without vanadate, and the difference between these two activities was attributed to the plasma membrane H ϩ -ATPase. ATPase activity of plasma membrane vesicles was unaffected by either bafilomycin A 1 (50 nm), an inhibitor of V-type H ϩ -ATPase, or oligomycin (10 nm), an inhibitor of mitochondrial ATPase.
ATPase H ؉ Pumping
The electrochemical H ϩ gradient generated by the H ϩ -ATPase was estimated from the initial rate of quenching of the fluorescent pH probe 9-amino-6-chloro-2-methoxyacridine (415/485 nm excitation/emission). The assay medium contained 10 mm HEPES-KOH (pH 6.5), 100 mm KCl, 5 mm MgCl 2 , 2.5 m 9-amino-6-chloro-2-methoxyacridine, and 0.05 mg L Ϫ1 vesicle protein. The reaction was triggered by addition of 1 mm ATP and was carried out at 30°C and the proton gradient formed was dissipated by addition of the protonophore carbonyl cyanide p-(trifluoromethoxy) phenylhydrazone [3 m p-(trifluoromethoxy)phenylhydrazone]. More than 90% of the vesicle H ϩ gradient measured at pH 6.5 was inhibited by orthovanadate (0.1 mm Na 3 VO 4 ), a very effective inhibitor of the plasma membrane P-type H ϩ -ATPase (Sze, 1985) .
[
P] Phosphate Uptake by Excised Corn Roots
The experimental procedure followed essentially the method of Sentenac and Grignon (1985) with some modifications. In brief, root segments (approximately 0.5 g fresh weight) cut from the root apex were incubated in uptake medium containing 0.2 mm CaSO 4 and 0.01 to 0.1 mm KH 2 PO 4 labeled with 32 Pi (1.7 MBq mol Ϫ1 ), adjusted at pH 4.3 with 0.1 m HCl. After the incubation time (5-45 min at 30°C in a rotary shaker), solution was removed under vacuum and root segments were washed in continuous flux of 2 mm CaSO 4 (250 mL). In experiments of Figure 4 , root segments were pre-incubated with either 0.5 mm deferoxamine or sodium citrate during 2 min (at 30°C in a rotary shaker) before incubation in the uptake medium. Afterward, the segments were dried with filter paper, weighed again, and treated for 12 h with 2% (w/v) Triton X-100 solution. The extract obtained was counted then for the presence of 32 Pi using Cerenkov radiation. To estimate the amount of 32 Pi associated with the cell wall, a sample of roots was pretreated with Triton X-100 before incubation in the uptake medium and the radioactivity obtained in these conditions was subtracted in all experiments.
